Background: Clozapine, an atypical antipsychotic drug, induces derangements in glucose homeostasis in certain patients. This study investigated the mechanisms of clozapine-induced beta-cell toxicity.
T he administration of second-generation (atypical) antipsychotic drugs is reported to be associated with hyperglycemia. (1) (2) (3) (4) The mechanisms of this clinical observation are still not fully elucidated. Hepatic insulin resistance has been reported in rat studies with a dose-dependent pattern. (2, 5) Smith and his colleagues found that atypical antipsychotic drugs induced hyperglycemia by acutely increasing glucagon secretion and hepatic glucose output in a rat model. (6) Reports of peripheral insulin resistance induced by atypical antipsychotic drugs were conflicted. No peripheral insulin resistance was demonstrated in dogs treated with risperidone or olanzapine for 4-6 weeks. (7) A study using clamp techniques also revealed no peripheral insulin resistance in rats. (5) Chintoh and his colleagues, however, reported peripheral insulin resistance occurred immediately following one dose injection of atypical antipsychotic medications. (2) They also reported a transient impairment of insulin secretion, which was reversible after the mice recovered from the acute dose of medication. (2) Not all schizophrenic patients taking clozapine develop overt diabetes. (8, 9) Weight gain and metabolic syndrome are commonly observed in patients treated for schizophrenia. (1, 9) We were interested in studying the beta-cell damage since acute decreased insulin secretion was reported by Chintoh et al.
(2) Therefore we designed this study to examine beta-cell histology and insulin content in mice treated with clozapine for 8 weeks. Also, we introduced a high-fat diet model in addition to clozapine treatment to test further beta-cell changes while adaptive compensation of beta-cells takes place. (10, 11) 
METHODS
Male C57BL/6 mice (8-12-week old) were obtained from a local breeder and 3 to 5 mice were housed in each cage and fed pelleted food and tap water ad libitum. Mice were fed either regular chow (5001 LabDiet, 3.17 Kcal/g, 12% kcal from fat) or a high-fat diet (TestDiet, 5.17 Kcal/g, 60% kcal from fat), both obtained from Purina (Richmond, IN, U.S.A.), for 8 weeks. The animals were maintained on a lighting cycle of 12 h light and 12 h darkness.
Fifty-two healthy C57BL/6 male mice were randomly separated into 4 groups. Mice in groups C and D were orally administrated 13.5 mg/kg body weight of clozapine six days a week between 8 AM to 9 AM. Distilled water was given to mice in groups A and B as control groups. Mice in groups A and C were fed a regular diet while mice in groups B and D were fed a high-fat diet.
The non-fasting blood glucose was measured at 8AM daily and body weight was measured twice a week. The change of body weight (∆BW) was calculated as the difference in the average body weight between the first and eighth weeks.
Three mice from each group were randomly selected to be housed in metabolic cages between the 7 th to 11 th days to measure diet intake. Then, the mice were sacrificed for histological examination of the pancreases on day 11. The apoptotic and proliferative nuclei in the islets of paraffin-embedded pancreatic sections were detected using the TUNEL Apoptosis Detection Kit bought from GenScrip (Piscataway, NJ, U.S.A.) and an immunohistochemical examination was done using anti-Ki67 antibody (ab15580) obtained from Abcam Inc. (Cambridge, MA, U.S.A.).
The remaining 10 mice in each group were sacrificed at the end of 8 weeks and the pancreases were removed to measure pancreatic insulin content (PIC) using an acid-ethanol extraction and insulin kit (# RI-13k) bought from LINCO Research, Inc. (St. Charles, MO, U.S.A.). The animals were treated humanely in accordance with the laboratory animal guidelines of Chang Gung Memorial Hospital. Since normality was not achieved, the results were given as median values [minimum; maximum], and the nonparametric Wilcoxon signed-rank test, MannWhitney test, and Kruskal-Wallis test were performed for comparisons as appropriate. A value of p < 0.05 was considered significant.
RESULTS
The dietary intake measured between day 8 to day 10 was significantly decreased in mice fed a high-fat diet. Nevertheless, the daily caloric intake did not differ among 4 groups ( Table 1) . Mildly elevated blood glucose levels were observed only in mice fed high-fat chow (group B) on day 56 (Table  2) . Among the 4 groups, group B (high-fat chow) had a significant weight gain while group C (clozapine) had a weight loss at the 8 th week. The mice fed high-fat chow and treated by clozapine simultaneously (Group D) had a significantly lower weight than those fed only a high-fat diet (Group B), indicating clozapine attenuated the weight gain effect that was induced by the high-fat diet.
Pancreatic histology showed higher TUNEL apoptosis and less anti-Ki67 detection on day 11 in the beta-cells of mice given clozapine (group C) ( Table 1) , compared with the control (group A) and mice fed high-fat chow (group B). The results indicated more apoptosis and less pancreatic proliferation developed in mice treated with clozapine. These findings of beta-cell toxicity caused by clozapine administration were further aggravated when mice were simultaneously fed a high-fat diet (group D).
At the 8 th week, trends of a reduced PIC were observed in group C while an increased PIC was observed in group B, although this did not reach significance in our study ( Table 2 ). The PIC in mice simultaneously treated with clozapine and a high-fat diet (group D) showed the lowest level of all 4 groups, and was 55.8% of the PIC found in group A (1.9 µg and 3.4 µg as median values in group D and group A, respectively in Table 2 ). A statistical difference was reached when the PIC of mice in group D were compared to those in the control (group A) and high-fat diet (group B) groups. The PIC findings of were compatible with the findings of beta-cell histology (Table 1) which showed trends of beta-cell toxicity with clozapine (group C), and further impaired beta-cells in mice taking clozapine and high-fat chow simultaneously.
DISCUSSION
In this study, we found that clozapine-induced apoptosis of mouse pancreatic islet cells occurred as early as 10 days after drug administration. Moreover, a high-fat diet aggravated apoptosis and inhibited proliferation of islet cells in mice taking clozapine. The long-term toxic effects of the combination of clozapine and a high-fat diet were reflected in the significant reduction in the PIC in mice given a highfat diet and clozapine for 8 weeks.
The mechanism of action of clozapine-induced pancreatic toxicity is not yet clear. Chintoh et al. reported that deterioration of plasma insulin secretion can be observed immediately following a single dose of clozapine injection. (2) Subsequently, they found beta-cell function can be restored.
(2) Our study observed significant damage to beta-cells when mice were treated with clozapine for 10 days. Although no statistical difference was reached, a trend of PIC reduction was demonstrated in group C following 8 weeks of treatment, implicating beta-cell toxicity from clozapine. It has been reported that a longer duration of atypical antipsychotics is associated with a higher risk of diabetes. (14) The trend of PIC loss could be anticipated after further chronic treatment with clozapine. The beta-cell toxicity we observed may correlate with clinical reports of diabetic ketoacidosis in patients taking atypical antipsychotics. (4, 12, 13) Feeding high-fat chow resulted in weight gain and a trend of PIC increment in mice, suggesting beta-cell hyperplasia in mice given a high-fat diet. (11) When mice received both clozapine treatment and a high-fat diet, the PIC was much lower when compared with control mice (group A) or mice fed a high-fat diet without clozapine (group B). It is possible that the compensating islet beta-cells are more vulnerable to clozapine administration. However, further research is required to elucidate the underlying mechanism. Our findings in mice might relate to the clinical study recently reported by Argo et al. (14) In 202 patients with schizophrenia, they found the waist-to-hip ratio and body mass index were factors most strongly associated with an increased risk of diabetes.
Although we reported beta-cell damage in our experiment, the PIC in group D was 55.8% of that in group A. A greater than 80-90% reduction of betacell mass is required for development of overt insulin-dependent diabetes in humans, pigs, and rats. (15, 16) This might explain why the blood glucose remained euglycemic in those drug-treated mice.
Although a decreased daily intake was observed, body weight gain was still noted in our study in the high-fat chow groups. A further explanation of metabolic efficiency may be needed. A large study of mice with a high-fat diet model indicated that weight gain in mice given a high-fat diet is not fully explained by energy intake but is also correlated with a reduction in the metabolic rate. (11) In addition, since the administration of clozapine did not change the amount of chow and the daily calorie intake, the explanation for the lower increment of body weight in mice taking clozapine is not clear.
In conclusion, we found that feeding a high-fat diet aggravates clozapine-induced toxicity in islet beta-cells of healthy adult mice. High-fat intake should be carefully controlled in patients taking clozapine for treatment of schizophrenia. 
